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Modulation of sodium-coupled uptake and membrane fluidity by
cisplatin in renal proximal tubular cells in primary culture and brush-
border membrane vesicles. The proximal tubule appears to be the main
target for the adverse effects of cis-diamminedichioroplatinum (II)
(cDDP). We evaluated the early effects of cDDP at concentrations (3 to 67
j.LM) lower that those which alter cell viability, on three apical transport
systems and on the physical state of the brush border membrane (BBM)
in rabbit proximal tubule (RPT) cells in primary culture. The maximal
effect, corresponding to a 30% decrease in Na -coupled uptake of
phosphate (Pi) and a-methylglucopyranoside (MGP) and a twofold
increase in Nat-coupled alanine uptake, was obtained at 17 M (5 jrglml)
cDDP and occurred through a modification of their affinity. At this
concentration, cDDP increased BBM fluidity and decreased the BBM
cholesterol content by 28%, without increasing the permeability of tight
junctions. To clarify the role of cDDP-induced increase in BBM fluidity on
alterations of Na-coupled uptake, these parameters were also investi-
gated in BBM vesicles isolated from rabbit renal cortex directly exposed to
cDDP. cDDP induced a concentration-dependent inhibition of Na-
coupled uptake of MGP, Pi and alanine in BBM vesicles from the renal
cortex, associated with a decrease in protein sulfhydryl content, without
modifying BBM fluidity. Our findings strongly suggest that the cDDP-
induced increase in BBM fluidity in RPT cells results from an indirect
mechanism, possibly an alteration of cholesterol metabolism, and did not
play a major role in the cDDP-induced inhibition of NaiPi and Na/
glucose cotransport systems that may be mainly mediated through a direct
chemical interaction with essential sulthydryl groups of the transporters.
Nephrotoxicity is one of the most important adverse effects of
cis-diamminedichloroplatinum (II) (cDDP), a very potent drug
used to treat a variety of solid tumors [11. A number of authors
have described morphological and biochemical changes a few days
after exposure to the drug and have sought a possible relationship
between such alterations and the toxic mechanism [1]. However, it
has recently become clear that cDDP interferes at a very early
stage with water and electrolyte transport by renal tubular epithe-
ha [2—4], particularly the proximal tubule segment [5]. Na -
dependent transport of glucose and phosphate (Pi) was reduced in
brush border membrane (BBM) vesicles prepared from kidney
cortex of animals exposed to cDDP in vivo [6, 7]. Inhibition of
glucose uptake and Na-K-ATPase activity by low concentra-
tions of cDDP was recently observed in cultured rabbit proximal
tubule (RPT) cells and appeared to be one of the first functional
alterations of the cell [8]. The way in which cDDP interacts with
Na-coupled transport systems in intact differentiated proximal
tubule cells has not been studied. However, inhibition of Na -
dependent transport systems in BBM vesicles [6, 7] and the
decrease in the intracellular sodium concentration [4] due to an
impairment of apical Na7H exchanges by cDDP [9] suggest that
the effects of this drug on Na-coupled uptake of glucose and Pi
do not arise from sodium gradient inactivation.
The activity of Na-coupled uptake of glucose and Pi may
depend on the physical state and/or lipid composition of the BBM
in which these transport proteins are embedded [10]. Thus,
ischemia [11], low Pi diet [12], liver desease [13], idiotypic Fanconi
syndrome [14] and gentamicin treatment [15] result in an alter-
ation of BBM fluidity which is associated with changes in Na7
glucose and/or Nat'Pi cotransport systems. In contrast, other
transport systems like Na-coupled alanine transport are not
affected by large variations in their lipid environment [11, 16].
RPT cells in primary culture, which retain several markers of
the nephron segment in situ and well-developed brush border [17],
have proven suitable for studying dysfunctions induced by plati-
num complexes [8]. We evaluated the effect of cDDP on Na
coupled uptake of glucose, Pi and alanine and on BBM fluidity in
intact RPT cells by using a primary culture model. To clari' the
role of cDDP-induced increase in BBM fluidity on alterations of
Nat-coupled uptake, we also evaluated Na-coupled uptake of
MGP, Pi and alanine, and membrane fluidity in BBM vesicles
isolated from the outer renal cortex directly exposed to cDDP in
vitro. The relationship between the cDDP-induced alteration of
apical Nat-coupled uptake and BBM fluidity, and possible mech-
anisms accounting for these alterations are discussed.
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Primaty culture of rabbit proximal tubule cells
Proximal tubule fragments were isolated as previously de-
scribed [18]. Briefly, kidneys of New Zealand white rabbits were
perfused with 100 ml of a solution containing equal volumes of
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Dulbecco's modified Eagle's medium and Ham F12 medium
(DMEMIHAMFI 2), and then with 15 ml of magnetic iron oxide
suspended in DMEM/HAMF12 containing 3% polyvinylpyrroli-
done. The cortex was then removed, minced, homogenized and
sieved through 212 jim and 63 jim nylon meshes. Proximal tubules
and glomeruli retained on the latter sieve were placed on a
magnet to remove iron oxide-filled glomeruli. Isolated proximal
tubule fragments were collected on a 40 jim mesh and incubated
in DMEM/HAMF12 containing 0.125 mg/ml collagenase and
0.0025% trypsin inhibitor for five minutes at 37°C. They were then
forced through a 40 jim mesh, collected on a 20 jim mesh, and
rinsed by three centrifugation steps (100 >( g for 5 mm) in
glucose-free DMEM/HAMF12 medium (1:1) supplemented with
5 jig/ml transferrin, 5 ng/ml sodium selenite, 0.5 jiM hydrocorti-
sone, 2 ms't glutamine, 25 IU penicillin and 25 jig/ml streptomycin
(CM medium) as previously reported [19]. Proximal tubule frag-
ments were plated at 20 jig protein/cm2 in CM medium. When
growth started (48 hours after plating), RPT cells were fed daily
with antibiotic-free CM medium.
Preparation of brush border membrane vesicles
BBM vesicles were prepared from confluent RPT cell cultures
by the MgC12 precipitation technique [20] with slight modifica-
tions. RPT cells were rinsed and harvested by scraping in a buffer
solution containing 200 mrvi mannitol, 41 mM KC1, 80 mivi N-2-
hydroxyethylpiperazine-N'-ethane sulfonic acid (HEPES) and 17
jig/ml phenylmethylsulfonylfluoride, pH 7.5. They were then
homogenized for one minute at high speed in a Waring blendor.
The resulting homogenate was then subjected to the first magne-
sium aggregation cycle. Briefly, MgCl2 was added at a final
concentration of 15 mit After gentle stirring (30 mm, 4°C), the
homogenate was centrifuged at 2200 X g for 15 minutes. The
supernatant was collected and centrifuged at 40,000 )< g for 40
minutes. The resulting pellet was suspended in a Potter-Elvejhem
homogenizer (20 strokes) and subjected to a second magnesium
aggregation cycle. The final pellet was suspended in buffer A
solution containing 150 mivi NaC1, 20 mivi HEPES, pH 7.4.
Aliquots of BBM vcsicles were stored at —8t)°C. The specific
activity of two BBM marker enzymes (y-glutamyl-transpeptidase,
GGT; alkaline phosphatase, AP) and a marker of the endoplasmic
reticulum (NADH-cytochrome c reductase, NCR) was measured
in BBM preparations and crude cell homogenates. The enrich-
ment factor was assessed as the ratio of specific enzyme activity in
the preparation of BBM vesicles and specific enzyme activity in
crude cell homogenates.
BBM vesicles were also isolated from the outer cortex of
kidneys from New Zealand white rabbits killed by intravenous
injection of pentobarbital. The outer cortex was homogenized in a
buffer consisting of 50 mrvi mannitol, 17 jig/mI phenylmcthyl
sulfonyifluoride, 2 mivi TRIS-HCI, pH 7.0, at high speed in a
Waring blendor for one minute. Thirty milliliters of buffer were
used for 1 g of tissue. After a centrifugation step at 200 x g for
two minutes to eliminate large tissue debris, the homogenate was
submitted to magnesium agreggation as described by Booth and
Kenny [20]. The final pellet, containing enriched BBM vesicles,
was suspended in buffer B containing 150 mxi KC1, 0.01% lithium
azide and 10 mr's HEPES, pH 7.4. The BBM marker enzymes
GGT, AP were enriched 7.9 0.2 and 10.3 0.5-fold, respec-
tively. The enrichment factor for Na-K-ATPase was below one,
indicating a little contamination by basolateral membranes. The
specific activity of succinate dehydrogenase (SDH), N-acetyl-f3-D-
glucosaminidase (NAG) and NCR, marker enzymes of mitochon-
dna, lysosomes and endoplasmic reticulum, respectively, in BBM
vesicles represented 10 to 15% of that in the crude homogenate.
The yield of protein in the purified BBM fraction corresponded to
3.2 0.5% of the total protein content in the crude homogenate.
The activity of GGT, AP, NaFK±ATPase, SDH and NAG was
determined by means of established procedures [18]. NCR activity
was assessed by kinetic measurement of the reduction of cyto-
chrome c at 550 nm and 37°C [21]. The reaction mixture con-
tained 0.2 ms'i KCN, 0.032 mg/mI antimycin A, 80 jiM oxidized
cytochrome c, 85 jiM NADI-I, 80 mr's glutamate, pH 7.0. The
reduction of cytochrome c in the absence of NADH was sub-
tracted from that measured in the presence of NADH.
Protein content was determined using bicinchoninic acid [22],
with bovin serum albumin as standard.
cDDP treatment
RPT cell cultures. Confluent RPT cell monolayers were exposed
to cDDP for 24 hours at concentrations ranging from 3 to 67 jiM,
which did not alter cell viability. Indeed, 140 jiM cDDP signifi-
cantly decreased cell viability by 10% in RPT cells in primary
culture [8].
BBM vesicles from the renal cortex. To determine the direct
effect of cDDP on Nat-dependent uptake of MGP, Pi and
alanine, freshly isolated BBM vesicles suspended in buffer B
solution (1.8 mg protein/mi) were incubated with cDDP at 37°C
for four hours at concentrations ranging from 0 to 2 m. The
incubation was stopped by a centrifugation step at 30000 X g for
20 minutes. BBM vesicles were then washed twice by suspending
the pellet in a cryoprotectant buffer consisting of 50 mr's KCI, 200
m glycerol, 10 msi HEPES, pH 7.4, followed by a centrifugation
step at 30000 x g for 20 minutes. The final pellet was suspended
in the cryoprotectant buffer solution at a concentration of 15 mg
protein/mi. Valinomycin was then added at a final concentration
of 11.2 jiM from a 22.5 m stock solution in alcohol. Samples were
aliquoted, frozen in liquid nitrogen and kept at —8t)°C until
transport measurements and protein determination [22]. To as-
sess the direct effect of cDDP on membrane fluidity, BBM vesicles
suspended in buffer B solution (75 jig protein/ml) were incubated
at 37°C with 0.5 mr's cDDP for four hours.
Na k-dependent uptake of a-methyl-D-glucopyranoside (MGP, Pt
and alanine
RPT cell cultures. Confluent RPT cell monolayers were washed
twice in a buffer consisting of 137 mr's NaCI, 5.4 mM KC1, 1 mM
CaCI2, 1.2 mM Mg504 and 15 mM HEPES, pH 7.4, Uptake was
initiated by the addition of the above buffer supplemented with
methyi(a-D-[U-'4C]-gluco)pyranoside (0.8 jiCi/mI), r'2P04 (0.1
jiCi/ml) or [3H]alanine (1 jiCi/mi), with various concentrations of
MGP, Pi or alaninc, and incubation at 37°C for 20, 10 and 5
minutes, respectively. To determine Na tindependent uptake,
RPT cells were incubated in the absence of sodium by replacing
sodium chloride by choline chloride. Uptake was stopped by
drawing off the radiolabelled incubation buffer and washing the
monolayers twice in ice-cold sodium-free buffer. The cells were
then solubilized in I M NaOH for two hours at 37°C. An aliquot
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was used to determine radioactivity by means of liquid scintilla-
tion counting with LKB Optiphase 3 scintillation fluid (LKB-
Pharmacia, Uppsala, Sweden) and another aliquot was used for
protein determination [221.
BBM vesicles from the renal cortex. Na-dependent uptake of
MGP, Pi and alanine were measured at 37°C in control and
cDDP-treated BBM vesicles using the semiautomatic procedure
reported by Kessler, Tannenb4um and Tannenbaum [23].Uptake
was initiated by the automatic mixting of 5 pi BBMV with 100 d
of incubation medium containing 50 mM NaCI, 50 mrvt KC1, 100
mM glycerol, 0.75 LM valinomycin, 10 mrvi HEPES, pH 7.4,
supplemented with methyl(a-D-{U- '4C]-gluco)pyranoside (10
1iCiIml), 32P04 (6 xCi/ml) or [3H]alanine (15 tCi/ml) and
appropriate concentrations of MGP, Pi or alanine (see Figure
legends). The incubation was stopped at a specified time by the
automatic addition of 3.5 ml of buffer C solution containing 50mM
KC1, 200 m glycerol and 10 mrvi HEPES, pH 7.4, kept at 4°C. The
resulting mixture was then poured onto prewetted 0.65-xm pore
size nitrocellulose filters (Sartorius, Palaiseau France) and washed
twice with 4.5 ml of buffer C. Uptake was also measured in
sodium-free buffer solution containing 50 mivi KCI, 200 mM
glycerol, 0.75 aM valinomycin, 10 mM HEPES, pH 7.4. Radioac-
tivity was counted by liquid scintillation after dissolution of the
filter membrane in 4 ml of scintillation fluid (Ultima Gold,
Packard). Na-dependent uptake was calculated by subtracting
uptake in the absence of sodium from that in the presence of
sodium corrected from nonspecific trapping.
Total glutathione (GSH) and malonedialdehyde (MDA) content
5-Suifosalicylic acid (ASS) was added to culture medium (final
concentration 5%), and cells were scraped free then centrifuged
at 2000 X g. The pellets were solubilized in 1 M NaOH for protein
measurement [24] and the supernatants were used for GSH and
MDA determinations. GSH was assayed as described elsewhere
[25]. The rate of 2-nitro-5-thiobenzoic acid formation was mea-
sured in 1 ml of buffer consisting of 0.21 mrvi NADPH, 0.6 mM
DTNB, 2.5 IU glutathione reductase, 1% ASS, 5 mM EDTA and
115 m sodium phosphate buffer, pH 7.5, with monitoring at 412
nm and 25°C. MDA content was determined by using an estab-
lished method [26]. Samples were incubated for 15 minutes at
100°C with thiobarbituric acid (final concentration 0.2%). The
fluorescent reaction product was extracted with 3 ml of n-butanol,
excited at 535 nm and recorded at 555 nm. The concentration of
MDA was read from a standard curve for MDA, obtained by
incubating 1,1,3,3-tetraethoxypropane in 0.1 N HC1 for 12 hours.
Mannitol flux
The integrity of junctional complexes was assessed by measur-
ing the permeability of confluent RPT cells to mannitol, which is
not transported by proximal tubule cells. Mannitol flux from the
apical to the basal side of RPT cell monolayers grown on filter
membranes (Falcon Inserts, Strasbourg, France) was determined
after treatment with various concentrations of cDDP. RPT cells
were incubated with medium containing 3 jxM [14Clmannitol (50
mCi/mmol) in the apical compartment. At various times, medium
samples were taken from the apical and basal compartments and
the ratio of mannitol concentrations was calculated.
Total phospholipid and cholesterol determination
Total lipids were extracted from BBM vesicles and crude cell
homogenates by means of an established method [27]. Extracts
were dried under nitrogen and solubilized in chloroform/metha-
nol mixture (2:1). Cholesterol was separated from the total lipid
extract by thin-layer chromatography on precoated silica gel
plates (Whatmann KS) using a hexane/diethylether/acetic acid
mixture (130:30:1.5) as developing solvent. After exposure to
iodine vapor, cholesterol spots were identified by comparison with
a cholesterol standard, and cholesterol was extracted from silica
by addition of 12 ml of chloroform/methanol (1:1). The solvent
was evaporated under nitrogen and cholesterol was solubilized in
ethanol. The amount of cholesterol, corrected for the recovery of
extraction, was determined enzymatically [28]. Total phospholipid
content was measured in the total lipid extract [28].
Fluorescence polarization measurements
The effect of cDDP on BBM fluidity was determined from
fluorescence polarization measurements using 1 ,6-diphenyl-1 ,3,5-
hexatriene (DPH) as the probe [29]. Briefly, BBM vesicles
isolated from control and cDDP-treated RPT cells were sus-
pended in buffer A (75 tg protein/mi) and incubated for 90
minutes at 37°C with DPH (final concentration 1 ILM) before
measurements on an SLM 4800 apparatus (SLM mc, Urbana, IL,
USA). BBM vesicles prepared from the renal cortex were incu-
bated concomitantly with DPH and cDDP. Results of steady-state
depolarization experiments are expressed in terms of fluorescence
anisotropy, r, with r = ['ii — 11G]/[111 + 211G]. and I are the
fluorescence intensities observed with the analyzing polarizer
parallel and perpendicular, respectively, to the polarized excita-
tion beam. Factor G corrects for the unequal transmission of
differently polarized light. Apparent lifetimes were measured by
the phase and the modulation technique at 30 and 18 MHz [28],
using DPH in heptane as the isochronal reference standard [30].
Protein sulJhydiyl content measurements
The protein sulfhydryl content in BBM vesicles was determined
at 25°C in a final volume of 1 ml containing 2% sodium dodecyl
sulfate, 0.6 mivi 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB) and
100 mM TRIS, pH 7.4. Absorbance of the 2-nitro-thiobenzoic acid
formed from DTNB was recorded at 412 nm. The protein
sulfhydryl content was calculated using the molar extinction
coefficient of 2-nitro-thiobenzoic acid [31].
Data analysis
Data obtained from experiments on cultured RPT cells are
expressed as means SEM. These experiments were carried out in
duplicate or triplicate on at least three different primary cultures.
Data were analyzed by using Student's paired t-test, Student's
two-tailed unpaired t-test or the Mann-Whitney nonparametric
test, as specified in the figure legends. Data obtained from
experiments on BBM vesicles isolated from the renal outer cortex
are expressed as means SEM. The experiments were performed
in triplicate using three to four separate preparations of BBM
vesicles.
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+ Na — Na Na-dependent
MOP 66.7 2.3 5.3 1.2 61.4 2.8
nmol/20 mm/mg protein
Pi 34.0 1.5 1.4 0.3 32.6 1.2
nmol/1O mm/mg protein
Alanine 28.7 3.1 7.8 1.1 20.9 2.2
nmol/5 mm/mg protein
cDDP, MM
Fig. 1. Effect of cDDP on Nat-dependent uptake of MGP (A), Pi (B) and
alanine (C) by RPT cells in primaiy culture. Uptake of 1 mvt MOP (open
circles), 0.1 m phosphate (open triangles) and 1 mi alanine (open
squares) was measured after 20, 10 and 5 mm incubation, respectively.
Na-dependent uptake was obtained by subtracting uptake in the pres-
ence of choline from that in the presence of sodium. As uptake increased
linearly with time, the results are presented as nmol/min/mg protein.
Values are means SEM for 3 or 4 different primary cultures. *signifi..
cantly different from control (P < 0.05), Student's paired t-test.
Results
Effect of cDDP on Na -dependent uptake of MGP, Pi and
alanine in RPT cells in primary culture
Sodium-coupled uptake of MGP, Pi and alanine, which are
specific properties of proximal tubule cells in situ, represented
92%, 96% and 76%, respectively, of total uptake by confluent
RPT cell monolayers (Table 1).
To determine the effect of cDDP on Nat-dependent and
Na -independent uptake of MGP, Pi and alanine, confluent RPT
cells were exposed for 24 hours to low concentrations of cDDP (3
to 67 /.M). cDDP significantly reduced Na4 -dependent MGP and
Pi uptake at 8 (P < 0.01) and 17 rM (P < 0.05), respectively (Fig.
1). Nat-dependent uptake of MGP and Pi were reduced by a
maximum of 30%, at 17 sM cDDP. Na-dependent alanine
uptake increased significantly at 8 M cDDP (P < 0.05), reaching
a maximum of 2.1-fold at 17 /.LM cDDP (P < 0.05; Fig. 1). Uptake
at concentrations higher than 33 tM cDDP was not significantly
different from control values. Whatever the concentration, cDDP
did not modi!' the uptake of MGP, Pi or alanine in the absence
of sodium.
Kinetic parameters of the three transport systems were deter-
mined in RPT cells after exposure to 17 /tM cDDP for 24 hours,
the lowest concentration at which the effects on Nat-dependent
Control 17 LM cDDP
Na/MGP (N = 5)
Km mM 1.6 0.1 2.7 0.2"
Vmax nmol/min/mg P 10.5 1.4 9.2 1.1
Na'7Pi (N = 3)
Km jw 11.9 3.7 23.1 2.2"
Vmax nmol/min/mg P 4.6 0.1 4.7 0.2
Na/alanine (N = 3)
Km mM 1.10 0.07 0.53 0.09"
Vma,, nmol/mmnlmg P 20.3 3.3 24.7 3.5
cDDP, M cDDP, MM
Fig. 2. Effect of cDDP on lipid peroxidation and total GSH content in RPT
cells in primary culture. MDA production (A) and total GSH content (B)
were assessed 24 hours after exposure to cDDP. Values are means SEM
of 3 or 4 different primary cultures tested in triplicate. "Significantly
different from control (P < 0.05), Student's paired t-test.
uptake were maximal. The effect of cDDP on uptake of MGP (0.1
to 6 mM), Pi (15 to 500 fxM) and alanine (0.1 to 4 mM) was
measured in the presence and absence of sodium. Data transfor-
mation by the Eadie-Hofstee plot (Table 2) revealed that 17 M
cDDP markedly altered the affinity of Nat-dependent uptake of
MGP, Pi and alanine, whereas their Vm,,,, values were unaffected.
Effect of cDDP on lipid peroxidation in RPT cells in primary
culture
An increase in lipid peroxidation, a phenomenon known to
alter the biophysical state of the BBM [32], has been reported in
the proximal tubule after exposure to cDDP [33, 34]. To deter-
mine whether cDDP increased lipid peroxidation in RPT cells at
concentrations which altered functional properties of the BBM,
MDA production and total GSH content were assessed (Fig. 2).
cDDP at 17 and 33 M slightly increased GSH levels, whereas
MDA production remained constant at a mean value of 91
nmol/mg protein, regardless of the cDDP concentration (17 to 67
!.LM).
Effect of cDDP on DPH anisotropy and lipid composition in BBM
vesicles isolated from RPT cells in primary culture
At 17 sM cDDP, the activities of GGT and NCR were not
significantly different from control values, but AP activity de-
creased in both crude homogenates and BBM vesicles (P < 0.05;
Table 1. Uptake of MGP, Pi and alanine by confluent RPT cells in
primary culture
Table 2. Effect of 17 j.M cDDP on kinetic parameters of Na/MGP,
Na/Pi and NaValanine cotransport systems
C
Na'-dependent uptake was calculated as the difference between uptake
in the presence and absence of Nat Values are means SEM of 3 or 4
different experiments done in duplicate.
A B
3
I: ____
0 15 30 45 60 0 15 30 45 60
K,,, and Vmax values were calculated using the Eadie-Hofstee plot.
Values are means SEM of N different experiments done in duplicate.
a Significantly different from control (P < 0.05), Student's two-tailed
unpaired t-test.
A
ci)
E
Q.
120
80
40
0
0 15 30 45 60
B
30I
C,)000 15 30 45 60 0 15 30 45 60
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Control 17 M cDDP
Protein
Yield % 1.0 0.4 1.4 0.4
GGT
Homogenate
BBM
68 3
362 30
60 5
336 35
Enrichment 5.3 0.3 5.7 0.2
AP
Homogenate
BBM
47 5
295 56
34 2"
169 22"
Enrichment 6.1 0.8 5.1 0.4
NCR
Homogenate
BBM
119 8.3
102±15
100 11
88±11
Enrichment 0.8 0.1 0.9 0.04
Specific activity of y-glutamyl transpeptidase (GGT), alkaline phos-
phatase (AP) and NADH-cytochrome c reductase (NCR) determined in
crude cellular homogenates and BBM vesicle fractions were expressed in
nmol/min/mg protein. Values are means SEM of 5 to 8 different
preparations.
Significantly different from cnntrol (P < 0.05), Mann-Whitney test.
Table 3). A similar enrichment in AP, GGT and NCR was
obtained in controls and cells treated with 17 tM cDDP, showing
that the quality of BBM preparations was not affected by this
treatment.
Fluorescence polarization studies were performed on BBM
vesicles isolated from control and cDDP-treated cells to deter-
mine whether cDDP altered BBM fluidity. At 17 jiM, cDDP
caused a significant decrease in DPH anisotropy (0.218 0.001 to
0.205 0.003, P < 0.05; Fig. 3). The apparent fluorescence
lifetimes of DPH in control BBM (r = 10.l9ns a1 = 0.97; T2 =
1.O5ns a2 = 0.03) and cDDP-treated BBM (T1 = 10.O4ns a1 =
0.96; r2 = I .35ns a2 = 0.04) did not differ significantly.
As BBM fluidity is largely dependent on its lipid composition,
we examined the effect of cDDP on cholesterol and total phos-
pholipid content in BBM vesicles (Fig. 3). At 17 jiM cDDP,
cholesterol content in BBM vesicles was reduced by 28% com-
pared to control BBM vesicles (P < 0.05), while total phospho-
lipid content was unchanged, leading to a decrease in the choles-
terol:phospholipid molar ratio.
Effect of cDDP on tight junction permeability of RPT cells in
primary culture
The effect of cDDP on tight junction integrity, which plays a
major role in the maintenance of the difference in lipid composi-
tion between the apical and the basolateral domains of the
membrane [351, was examined in RPT cell monolayers. Tight
junction permeability was estimated by measuring the permeabil-
ity of the monolayer to mannitol, a molecule not transported by
proximal tubule cells (Fig. 4). At 17 jiM cDDP, the mannitol
concentration ratio between the basal and apical compartments,
assessed for eight hours after treatment, was not significantly
different from control values. At 33 JiM cDDP, the ratio rose
significantly after two hours (P < 0.05). At 67 jiM, cDDP induced
a two- to threefold increase in the ratio immediately after cDDP
exposure (P < 0.05); at four hours, the ratios in controls and cells
treated with 17, 33 and 67 jiM cDDP represented 20, 20, 36, and
60% of maximum, evaluated on cell-free inserts.
Experiments in BBM vesicles from the renal cortex
To clarify the role of cDDP-induced increase in BBM fluidity
on alterations of the Nat-dependent transport systems, we inves-
Fig. 3. Effect of cDDP on DPH fluorescence anisotropy, cholesterol and
total phospholipid content in BBM vesicles from cultured RPT cells. DPH
anisotropy, a parameter inversely related to BBM fluidity, was measured
in BBM vesicles isolated from control cultures (N = 6) and 17 jiM
cDDP-treated (N = 4) cultures. *significantly different from control (P <
0.05), Mann-Whitney test. Cholesterol and total phospholipid content was
determined in BBM vesicles isolated from control (N = 3) and 17 I.tM
cDDP-treated (N = 3) RPT cells in primary culture. *significantly
different from control (P < 0.05), Student's two-tailed unpaired t-test.
Control: CHL/PL ratio = 0.72. 17 jiM cDDP:CHL/PL ratio = 0.55.
tigated the direct effects of cDDP on Na-coupled glucose, Pi and
alanine uptake and membrane fluidity in BBM vesicles directly
exposed to cDDP. Due to the limited amount of BBM vesicles
obtained per primary culture experiment, we analyzed the direct
effects of cDDP on Na-coupled glucose, Pi and alanine uptake
and membrane fluidity in BBM vesicles isolated from the renal
cortex exposed to cDDP in vitro since we showed that the
characteristics of Na-coupled uptake and biophysical properties
of BBM vesicles from cultured RPT cells were similar to those of
BBM vesicles prepared from rabbit kidney cortex.
Effect of cDDP on Na tdependent transport in BBM vesicles from
the renal cortex
cDDP inhibited Na.dependent uptake of MGP, Pi and ala-
nine (Fig. 5). The pattern of inhibition was similar for Na-
dependent uptake of MGP and Pi up to 500 JiM cDDP: at 250 jiM,
cDDP inhibited Na-coupled uptake of MGP and Pi by 28 and
34%, respectively, and by 63 and 60%, respectively, at 500 jiM
cDDP. At concentrations higher than 500 jiM cDDP, the inhibi-
tion of Na-coup1ed uptake of MOP was about 1.3-fold higher
than that of Pi. At 250 and 500 jiM cDDP, the inhibition of
Na-dependent alanine uptake was about twofold lower than that
of MOP and Pi. However, 1000 and 2000 JiM cDDP reduced
Nat-dependent alanine uptake by 58 and 80%, an inhibition close
to that of Nat-dependent Pi uptake. Nat-independent uptake of
Table 3. Characteristics of brush border membrane vesicles isolated
from RPT cells in primary culture
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Time, hours
Fig. 4. Effect of cDDP on RPT cell monolayer pertneabilib. The concen-
tration ratio of mannitol in the basal [(M)h] and apical [(M)a] compart-
ments of culture inserts was determined for 8 hr in control conditions
(dosed squares), after treatment with 17 (open diamonds), 33 (open
triangles) and 67 /LM (closed circles) cDDP, and on cell-free culture inserts
(open circles). Values are means SOM of three different experiments
performed in triplicate.
MOP, Pi and alanine was unaffected by four hours incubation with
increasing concentrations of cDDP (up to 1000 !IM).
cDDP induced similar alterations of Na-dependent glucose
and Pi uptake (—30%) in BBM vesicles from the renal cortex at
higher concentrations than in RPT cells in primary culture (250
LM vs. 17 to 34 j.tM, respectively). However these concentrations
correspond to similar exposure to cDDP in BBM vesicles and in
cultured RPT cells when expressed as cDDP/protein ratio
(rmol/mg of protein).
The time course of Na' -dependent uptake of MOP, Pi and
alanine was studied in control and cDDP-treated BBM vesieles,
Nat-dependent MOP and Pi uptake was linear up to 6 seconds in
control and 500 .tM cDDP-treated BBM vesicles. The initial rate
of Na*dependent MGP uptake in control and cDDP-treated
BBM vesicles was 636 (r = 0.99) and 144 pmol/second/mg protein(r = 0.98), respectively. The initial rate of Na' dependent Pi
uptake was 87 pmol/second/mg protein (r = 0.99) for control
BBM vesicles and 34 pmol/second/mg protein (r = 0.99) for
treated BBM vesieles. Na -dependent alanine uptake was linear
up to 4 seconds in control BBM vesicles (172 pmol/second/mg
protein; r = 0.97) and in BBM vesicles incubated with 1 mtvt cDDP
(126 pmol/second/mg protein; r = 0.99).
The equilibrium uptake of MGP, Pi and alanine was similar in
the presence and absence of cDDP, indicating that cDDP did not
modify the volume of BBM vesicles.
EJfrct of cDDP on membrane fluidity in BBM vesicles from the
renal cortex
DPH anisotropy was the same in control (0.231 0.003; N = 4)
and 500 rM cDDP-treated BBM vesiclcs (0.231 0.004; N = 4)
indicating that cDDP does not directly influence the physical
characteristics of the BBM.
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Fig. 5. Effect of cDDP on Na k-dependent uptake of MGP (A), Pi (B) and
alanine ( in BBM vesicles from the rabbit renal cortex. After four hours of
exposure to increasing concentrations of cDDP, uptake of 1 mist MGP
(open circles), 0.1 mist phosphate (open triangles) and I mist alanine (open
squares) was measured at 37°C for 6, 6 and 4 seconds, respectively. Values
are means sEM for three separate preparations of BBM vesicles.
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Effect of cDDP on protein sulfhydiyl groups in BBM vesicles from
the renal cortex
The protein sulfhydryl content was 84.4 nmol/mg protein in
control BBM vesicles and remained constant over the four-hour
incubation period. In contrast, concomitantly with the decrease in
Na-coupled uptake, cDDP induced a concentration-dependent
decrease in the protein sulfhydryl content in BBM vesicles (11, 27
and 41% after 4 hr of incubation with 100, 500, and 1000 .LM,
respectively).
Discussion
Our results show that very low concentrations of cDDP can
inhibit sodium-dependent Pi and glucose uptake and stimulate
sodium-dependent alanine uptake in cultured RPT cells. Nat-
dependent transport systems are thus highly sensitive to the action
of cDDP, as they are affected at concentrations about 10 times
lower than those which alter RPT cell viability [8]. The failure of
cDDP to reduce Na-dependent alanine uptake shows indirectly
that the inhibition of sodium-dependent Pi and glucose uptake
does not result from an effect on Na-K-ATPase, although the
two effects occurred at similar concentrations [81. In the same way,
the effect of cDDP administration on mitochondrial respiration
[361 cannot account for the inhibition of sodium-dependent Pi and
glucose uptake, as intracellular ATP content was unaffected at
cDDP concentrations four times higher than those which reduced
Nat-dependent active transport systems [37].
The affinity of these three uptake systems which, in control RPT
cells, were comparable to those of proximal tubules in situ
[38—40], were greatly affected by 17 LM cDDP, whereas their Vm
value remained unchanged. The decreased affinity of the Pi and
glucose transport systems corroborates data obtained with BBM
vesicles isolated from the kidneys of animals exposed to cDDP in
vivo [6, 7]. An increase in the affinity of the Na/alanine cotrans-
port system in vivo has not previously been reported.
The effect of cDDP on brush-border membrane fluidity was
assessed at 17 .LM, that is, the lowest concentration inducing a
maximal effect on Natdependent uptake. At this concentration,
cDDP did not induce lipid peroxidation, which is known to affect
the physical state of the brush border membrane [32]. Indeed,
lipid peroxidation was not induced in cultured RPT cells at least
up to 67 /.LM cDDP, an observation arguing against a key role of
lipid peroxidation in the nephrotoxicity of cDDP suggested by
several studies [33, 34]. The decrease in DPH anisotropy observed
at 17 .tM cDDP reflected an increase in the fluidity of the BBM,
since neither the DPH half-life nor the quality of the BBM vesicle
preparation was modified by cDDP treatment. The lower enrich-
ment in GGT and AP than obtained with BBM vesicles of the
renal cortex may be explained by a different distribution of these
enzymes in vivo and in vitro. Indeed, it is feasible that GGT and
AP in cultured RPT cells are not only present in the BBM [411.
However, the specific characteristics of the BBM, that is, lipid
order and cholesterol:phospholipid ratio, were close to values
determined for BBM vesicles from the renal cortex, indicating
that BBM vesicles isolated from these cells are little contaminated
by other membrane fractions.
The reduction in cholesterol content in the BBM, accompanied
by a fall in the cholesterol:phospholipid ratio, was very likely
responsible for this increased fluidity of the BBM. Indeed,
cholesterol is one of the main factors in the viscosity of the BBM
[10, 42]. The decrease in BBM cholesterol content did not arise
from lateral lipid diffusion between the outer leaflet of the apical
and the basolateral membrane domains as the increase in the tight
junction permeability was evidenced only with cDDP concentra-
tion of 33 M and more. Furthermore, the amount of cholesterol
fell not only in the RPT cell BBM but also in the cell homogenate
used to prepare the vesicles (data not shown). cDDP does not thus
appear to modify the distribution of cholesterol in the cell but
rather affects its metabolism. The observation that membrane
fluidity was unchanged in BBM vesicles isolated from the renal
cortex directly exposed to cDDP strongly supports the hypothesis
by which cDDP increases BBM fluidity by indirect mechanisms.
Our results show that cDDP concomitantly affects BBM fluidity
and the affinity of Nat-coupled uptake of Pi, glucose and alanine
transport systems in cultured RPT cells. The transient increase in
Natcoupled alanine uptake induced by cDDP in RPT cells did
not seem to result from the increase in BBM fluidity since this
transport system is not sensitive to changes in the physical state of
BBM [11, 16]. In contrast, concomitant alterations in BBM
fluidity and Na-dependent glucose and Pi transport have been
reported in various physiopathological conditions [11—13] and in
the presence of several toxic agents [15, 43]. Alterations in the
Na-dependent glucose and Pi transport systems, associated with
modifications in BBM fluidity, mostly resulted from changes in
V,,, [11, 12, 14, 15, 43]. However, changes in the lipid environ-
ment of Nat-dependent glucose transport in renal BBM vesicles,
characterized by an increase in the cholesterol:phospholipid ratio
and a decrease in BBM fluidity, were shown to alter the affinity
but not the Vmax of this transport system [131. Furthermore, the
magnitude and the origin of variations in BBM fluidity strongly
influenced the alterations in the Na -dependent glucose and Pi
transport systems. The benzyl alcohol-induced increase in BBM
fluidity was associated either with stimulation or inhibition of
Na-coupled Pi uptake, depending on the concentrations of
benzyl alcohol used [16]. Moreover, the increase in BBM fluidity
in the presence of benzyl alcohol or after renal ischemia decreases
Nat-dependent glucose transport whereas an increase in fluidity
of renal BBM vesicles isolated from rats fed with a low Pi diet [121
or exposed to gentamicin [15] did not affect this transport system
[15, 44]. These different reports showed that the pattern of
alterations of the Na-dependent glucose and Pi transport sys-
tems, obtained in our study, did not allow to clarify the role of the
cDDP-induced increase in BBM fluidity on alterations of these
transport systems in RPT cells. Accordingly, we examined the
direct effects of cDDP on Na-coupled Pi and glucose uptake and
membrane fluidity in BBM vesicles from the renal cortex directly
exposed to cDPP in vitro, and found that cDDP inhibited Nat-
coupled uptake of Pi and glucose without modifying BBM fluidity.
These findings strongly suggest that the cDDP-induced increase in
BBM fluidity in RPT cells did not play a major role in the
inhibition of Na-coupIed Pi and glucose uptake. The cDDP-
induced inhibition of Nat-coupled uptake of Pi and glucose in
BBM vesicles from the renal cortex appears to be in keeping with
a direct interaction with transport proteins: (1) the equilibrium
uptake measurements demonstrated that cDDP did not modify
the volume of BBM vesicles; (2) cDDP did not alter the linearity
of Na-coupled Pi and glucose uptake up to a concentration of
500 /.LM. Furthermore, although electrogenic Na-coup1ed glucose
uptake is sensitive to variations of membrane potentiel, this could
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not account for its inhibition by cDDP since these experiments
were performed in voltage-clamped conditions using valinomycin.
In parallel to its inhibitory effect on Nat-coupled uptake of Pi
and glucose, cDDP reduced protein sulfhydryl content in renal
BBM vesicles. A decrease in protein suihydryl groups has been
also reported in kidneys from animals treated with cDDP [45, 46].
As it interferes with electrolyte transport by renal tubule epithelia
at an early step, cDDP induces a fall in protein-bound sulthydryl
groups prior to any observable histopathological effect or func-
tional impairment [46]. The direct inhibitory effect of cDDP on
protein sulfhydryl content in renal BBM vesicles could be due to
the strong chemical reactivity of cDDP with biological nucleo-
philes. Indeed, hydrolysis of the chloride ligands of cDDP leads to
the formation of aquated and/or hydroxylated species of the
molecule which are strongly reactive with BBM nucleophile
groups such as protein sulfhydryl groups [47, 48]. Platinum (II)
has been shown to possess a very high affinity for sulfur-containing
protein residues such as cysteine and methionine [49]. Several
studies have demonstrated that sulfhydryl groups are essential for
the function of renal Na*coupled uptake of Pi and glucose
[50—52]. Several compounds which interact with protein sulfhydryl
groups, such as N-ethylmaleimide [51], mercuric chloride [53] and
mercuribenzoic derivatives [50], have been shown to inhibit
Nat-coupled uptake of Pi in BBM vesicles. Thomas, Kinne and
Frolinert [52] found that N-ethylmaleimide reduced the binding
of phlorizin to rabbit renal BBM vesicles. These findings suggest
that the alteration of Nat-coupled uptake of Pi and glucose could
result at least in part from direct interactions with essential
sulfhydryl groups of these transport proteins. Other experimental
findings support this hypothesis. Na4 -K-ATPase, which pos-
sesses sulfhydryl groups that are essential for its activity [54],
exhibited a pattern of interaction with cDDP similar to that of
Na *coupled uptake of Pi and glucose [37]. We have recently
reported that carboplatin, which exhibited less reactivity with
protein sulfhydryl groups than cDDP, altered Nat-coupled up-
take in RPT cells at concentrations about 20 to 30 times higher
than those of cDDP [37].
Our findings show that cDDP inhibits Nat-coupled alanine
uptake in BBM vesicles from the renal cortex, whereas it induces
a transient increase in cultured RPT cells. However, this transport
system was less sensitive to cDDP than Na -coupled uptake of Pi
and glucose in BBM vesicles from the renal cortex. This suggests
that cDDP could inhibit this transport system in RPT cells but at
concentrations higher than those which reduce Nat-coupled p1
and glucose uptake. This hypothesis is in keeping with the
disappearence of the stimulatory effect of cDDP on Na -coupled
alanine uptake at concentrations higher than 33 M. The unique
inhibitory effect of cDDP on Na-coupled alanine uptake in BBM
vesicles from the renal cortex indicates that the increase in this
transport system in cultured RPT cells does not result from direct
interaction with the transport protein.
In conclusion, at concentrations far below those which reduced
RPT cell viability, cDDP induced: (1) a decrease in Nat-coupled
Pi and glucose uptake, and a transient increase in Nat-coupled
alanine uptake, by modifying only their affinity; (2) an increase in
the fluidity of BBM isolated from RPT cells, associated with a
decrease in membrane cholesterol content. cDDP also induced an
inhibition in Na-coupled uptake of MGP, Pi and alanine in BBM
vesicles from the rabbit renal cortex, associated with a decrease in
protein sulfhydryl content, without modifying their fluidity. Our
findings strongly suggest that: (1) the cDDP-induced inhibition of
Na/Pi and Na/g1ucose cotransport systems may be mainly
mediated by direct chemical interactions with essential sulfhydiyl
groups of the transporters; (2) the cDDP-induced increase in RPT
cell BBM fluidity involves an indirect mechanism, possibly an
alteration of cholesterol metabolism, and did not play a major role
in the inhibition of Na/Pi and Na7glucose cotransport systems;
(3) the transient increase in Natalanine uptake in RPT cells was
not due to a direct interaction between cDDP and the transport
protein.
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